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rephica signal can evolve independently of each other.
By removing the coupling heretofore found in cross
coupled echo canceller structures, the echo replica
obtained in conjunction with carrier-phase tracking
circuitry can be a more exact duplicate of the real and
imaginary components of a received echo containing
signal. The echo canceller may inciude a plurality of
subcancellers, each including at least four adaptive fil-

ters. Alternatively the filters within each subcanceller
can be implemented by a suitably programmed digital
signal processor.

12 Claims, 9 Drawing Figures
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1
ECHO CANCELLER

BACKGROUND OF THE INVENTION

The present invention relates generally to the sup-
presston of echoes in digital data transmission. In partic-
ular, this invention relates to the cancellation of echoes
i a two-wire full-duplex data transmission system
which has to deal with echoes having propagated
through carrier systems in the telephone network.

DESCRIPTION OF THE PRIOR ART

Full-duplex data transmission over the direct-dis-
tance dialing (DDD) network has traditionally been
achieved by using frequency-division multiplexing
(FDM). With this technique, the calling and answering
modems use different frequency bands for transmitting
data. At high data rates (4.8 kb/s), FDM is not feasi-
ble because of the limited bandwidth of voice-grade
circuits, and echo cancellation is the preferred tech-
nique to make effictent use of the available bandwidth.
The general use of echo cancellation for achieving full-
duplex data transmission over the DDD network is
described in S. B. Weinstein in U.S. Pat. No. Re. 31,253,
reissued May 24, 1983, and in the IEEE Transactions on
Communications (July 1977, pp. 654-666) in a paper
entitled “A Passband Data-Driven Echo Canceller for
Full-Duplex Transmission on Two-Wire Circuits”.

The above mentioned references also describe an
echo canceller structure which is proposed for the in-
tended application. In addition, the second reference
describes an arrangement which allows the tracking of
frequency offset 1n the “far or talker” echo. This is the
echo which has propagated through the switched net-
work, and is thus likely to be corrupted by the channel
impairments which are commonly encountered in car-
rier systems. Frequency offset is the most damaging of
these impairments. While propagating through the car-
rier systems, the far echo experiences several modula-
tion and demodulation operations. As a result, due to
clock mismatches in the modulators and demodulators,
1t can reappear at the input of the echo canceller with a
carrier frequency (say 1800.1 Hz) which is slightly dif-
ferent from the carrier frequency of the transmitted
stignal (say 1800 Hz). Even such a small difference in

carrier frequencies interferes with the ability of a con-

ventional echo canceller to cancel the far echo when it
has to adapt under “double-taking” (full-duplex) condi-
tions.

Cancellation of a far echo corrupted by frequency
offset can be achieved by using the right type of echo
canceller structure and a phase-lock loop. One possible
arrangement 1s given in the S. B. Weinstein reference in
IEEE Transactions on Communications mentioned
previously. Another possible arrangement is described
in a European patent application (in French), entitled
“Annuleur D’echo Pour Signal D’Echo A Phase Vari-
able”, by L. B. Y. Guidoux, (application No.
81200209.3, Mar. 19, 1981).

These two techniques for cancelling an echo cor-
rupted by frequency offset work well in theory. That is,
they should perfectly cancel the echo under ideal condi-
tions of implementation. However, they can suffer seri-
ous degradation in performance when practical imple-
mentation considerations are taken into account. This 1s
because the echo canceller structures used in these
schemes cannot readily compensate, in an adaptive
fashion, for the unavoidable imperfections in the practi-
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cal implementation of the in-phase and quadrature fil-
ters which have to be used in front of the echo cancel-
ler. In view of the foregoing, it is the broad object of the
present mmvention to provide an echo cancellation ar-
rangement for use in full-duplex transmission on 2-wire
circuits which allows the cancellation of an echo cor-
rupted by frequency offset, and whose performance is
not significantly limited by practical implementation
constraints.

SUMMARY OF THE INVENTION

In accordance with the present invention, an echo
canceller 1s described in which the real and imaginary
outputs can evolve independently. By removing the
coupling heretofore found in cross coupled echo can-

- celler structures known in the art, the echo replica ob-
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tained with this echo canceller in conjunction with
carrier-phase tracking circuitry can be a more exact
duplicate of the real and imaginary components of a
recerved echo-containing signal, despite the fact that
these components are derived from the received signal
by imperfect in-phase and quadrature phase filters.

In a first embodiment, the echo replica is obtained by
applying symbols representing input data to a plurality
of subcancellers each of which includes a plurality of
adaptive filters. In each subcanceller, the real symbo]
sequence 1s applied to first and second adaptive filters,
and the imaginary symbol sequence is applied to third
and fourth adaptive filters. Each filter is arranged to
form a sum of the weighed praducts of the stored sym-

bol sequence and an ensemble of tap weights or coeffici-
ents. The coefficient ensemble 1s different for each of

the filters, and 1s based upon a recursion using (1) the
prior coefficient value, (2) the stored symbol sequence,
and (3) a measure of the difference or error between the
error replica and the recetved signal. The outputs of the
first and third filters are algebraically combined to form
one component (e.g., real) of the echo replica, while the
outputs of the second and fourth filters are combined to
form the other (e.g., imaginary) component. The sub-
canceller outputs are sequentially combined with the
in-phase and quadrature-phase components of the re-
ceived signal during each symbol interval.

In a second embodiment, the filters within each sub-
canceller are implemented by a digital signal processor
arranged to (1) store the coefficient ensembles for each
filtering operation, (2) store samples of the real and
imaginary components of the input signal, (3) compute
and sum the products of each coefficient ensemble with
the appropriate ones of the stored input signal compo-
nent samples, and (4) update the coefficient values as set

forth above.

Either of the embodiments advantageously includes a
phase locked loop for compensating for carrier-phase
variations and frequency offset. A compensation term
can be included in the echo replica signal components
before the error representing the difference between the
replica and the received signal is formed. Alternatively,
the compensation can be accomplished by modifying
the received signal before the error signal representing
the aforesaid difference is formed.

BRIEF DESCRIPTION OF THE DRAWING

The features and advantages of the present invention
will be better understood by consideration of the fol-

~ lowing detailed description when read in light of the

accompanying drawings in which:
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FI1G. 115 a block diagram illustrating the relationship
between a local and a remote data set and a transmission
channel interconnecting the two;

FIG. 2 1s a block diagram of a portion of a data set
indicating the relationship of its passband echo cancel-
ler to the remaining components and, in particular, one
arrangement of a carrier phase and frequency offset
compensation circuit;

FIG. 3 1s a generalized block diagram of a data set
similar to the one shown in FIG. 2 but which incorpo-

10

rates a baseband echo canceller, rather than a passband

echo canceller;

FIG. 4 illustrates a series of subcancellers including a
cross coupled filter structure well known in the prior
art;

FIG. 5 illustrates a series of subcancellers arranged in
accordance with the present invention;

FIG. 6 1s a diagram of one possible implementation
for one of the filters shown in FIG. §;

FIG. 7 illustrates comparative test results showing
the advantageous operation of the present invention in
removing energy derived from the remote echo in a
signal received by a data set using the present invention;

FIG. 8 is a block diagram of a portion of a data set
indicating the relationship of its passband echo cancel-
ler to the remaining components and, in particular,
another arrangement of a carrier phase and frequency

~ offset compensation circuit; and

~ FIG. 9 is a detailed circuit diagram of one possible
~ implementation of carrier phase and frequency offset
- compensation circuits 210 and 810 of FIGS. 2 and 8,
| respectwely

DETAILED DESCRIPTION

The objectives of the present invention will be under-
stood from an examination of FIG. 1, which shows a
typical connection over the switched network. Echoes

. arise because of impedance mismatches in the hybrid

. couplers 102, 110, 107 and 114 which make the connec-

< tions between four-wire and two-wire transmission fa-
.- cilities. For example, consider modem 100. Some of the

energy transmitted by transmitter 101 will leak through
hybrid 102 and appear as an echo at the input of re-

. ceiver 103. This echo is called the near echo. Similarly,

at the other end of the carrier system 104, some energy
~ will leak through hybrid 107. This signal is looped back
- through the carrier system and hybrids 110 and 102, and
it will also appear as an echo at the input of receiver
103. This echo 1s called the ““talker” or “far” echo.
- The purpose of an echo canceller is to generate a
- rephica of these echoes, which is then subtracted from
the incoming signal at the input of the receiver. Thus, if
such an arrangement is used in modem 100, and assum-
ing ideal echo cancellation, the input to receiver 103
should only consist of the signal transmitted by trans-
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‘mitter 113 of the far modem 111, and some additive

noise. In most applications, it is necessary to break the

4

ment which allows the cancellation of a far echo which
has been corrupted by frequency offset. The following
discussions will concentrate on the far canceller, and 1t
will be assumed that the near echo has been cancelled
by a suitable near canceller. .
The possibility of encountering. frequency offset in
the far echo can be understood by again referring to
FIG. 1. After passing through hybrid 110, the signal
transmitted by modem 100 is first modulated up to a
frequency range suitable for transmission over the car-
rier system 104. This is done by modulator 105 which
uses a modulation frequency f,,. At the other end of the
connection, demodulator 106 shifts the modulated sig-
nal back to baseband by using a demodulation fre-
quency fg. In general, the frequencies f,, and fzare very
close but not quite equal, so that the frequencies of the
signal appearing at the output of demodulator 106 will
be slightly offset with respect to the frequencies of the
signal at the mput of modulator 105. As a matter of
illustration, assume that a single sinewave f(t) with fre-
quency f,1s transmitted
S =sin (QHf.1). (1)
After modulation and demodulation in circuits 105 and
106 this sinewave becomes

Si(D=4 sin [2H({f,

Sm—tan+Pil.

(2)

where Ai and &) are some arbitrary gain and phase,
respectively. After leaking through hybrid 107 the far

echo 1s again modulated by modulator 108 and demodu-
lated by demodulator 109. Thus, illustratively, the sine-

wave 1n (1) after looping through the carrier system 104
becomes at the output of demodulator 109
S2(0)=Az sin 2H(fe+Sm—Sa+Sm' —fd W+ P2, (3)
where A j and ®; are again an arbitrary gain and phase,
respectively. Usually, the frequencies ' and f;' will
again be slightly different. The sinewave in (3) will be
offset 1n frequency with respect to the sinewave in (1) if
Af=fm—Sfd+fm' —Sd #0. (4)
Such a frequency offset occurs in carrier systems where
the clocks of colocated modulators and demodulators
(e.g., modulator 105 and demodulator 109) are not syn-
chronized, that 1s, when {,,“fs'and f,,'54f4. Frequency
offset in the far echo has been observed in many carrier
systems, and thus it has to be dealt with in echo-cancel-
lation based modems.
The effect of frequency offset and other carrier-phase
variations on the echo of a high-speed voiceband data

signal 1s now considered. A two-dimensional (in-phase
and quadrature) modulated signal generated by modems

- 100 and 111 in FIG. 1 is generally represented by the

echo canceller into two parts, a near canceller and a far

- canceller. This 1s because the characteristics of the
channels traversed by these two echoes are generally
quite different. For example, the far echo propagates
through the carrier system 104 and can therefore be
~corrupted by the channel impairments commonly en-
countered in these systems, such as non-linearities,
phase jitter and frequency offset. The near echo is not
plagued by these types of impairments. However, it can

60

65

be corrupted by other types of impairments. The objec-

tive. of the present invention is to provide an arrange-

expression

(3)
() = Re [z Ang(t — nDef‘"f‘:l ,
H .

where A,=a,+jby, is the discrete-valued multilevel
complex symbol to be transmitted, g(t) 1s a Nyquist
pulse, 1/T is the symbol rate, w./2H is the carrier fre-
quency, and Re denotes the real part of the quanity
inside the brackets. In the usual case where the highest
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frequency component in g(t) is smaller that the carrier -
frequency, the complex signal in brackets in equation

~ (5) 1s an analytic signal z(t), where

(6)
Z(1) = s(1) + J':(f) = [E Apg(r — ”T}efmrf] .
H

and where s(t) 1s the Hilbert transform of s(t). After
| passing through an echo channel whieh introduees lin-

variations, the 51gnal 1n (6) becomes

Zi(y = 2 ApG(1r — rrT)eifiiﬂ'rf-Hb(r)]-‘ B
H |

(8)

1s now a complex baseband impulse response, and ®(t)

represents the undesirable carrier phase fluctuations. In

6

~rotator 306 and demodulation in demodulator 307 the

complex error 1s also used to update the tap coefficients

- of baseband echo canceller 302.

s

20

- the case where ®(t) consists only of a frequency offset

Arit reduces to

() =2HAfM

‘The expression in (7) suggests two possible echo-cancel-

lation arrangements which are now discussed. First,
while the far echo available on the receiving legs of

~ hybrids 102 and 114 in FIG. 1 is the real part of Z(t) in
(7), the complex signal Zi(t) can be constructed by

passing the far echo through 1n-phase and quadrature

frequeney components with the same amphtude but
~phases which are 90 degrees apart at all frequencies.

(9).

A,

30

~ The complex signal Z1(t) which is now available at the

outputs of the in-phase and quadrature filters can then
be multiplied by the complex quantity e—/®(), where
®(t) is an estimate of the carrier phase fluctuations in-
troduced by the far echo channel. This estimate is ob-

- tained by using an adaptive phase-lock loop. Ideally, if

(l)(t) ®(t) the complex multiplication removes the car-
rier phase variations from the far echo and a conven-
tional echo canceller can now be used to cancel this
echo.

Alternatively, the carrier-phase compensation circuit
can also be incorporated at the output of the echo can-
celler. Such an arrangement, which is direct mechaniza-
tion of the expression in (7), was proposed in the second
Weinstein reference and is shown in FIG. 3. The com-
plex symbols A, at the output of symbol generator 300
generated in response to data applied on line 350 are
passed through a baseband echo canceller 302 with
complex impulse response G(t) which is an estimate of -
the complex baseband response G(t) in equation (7) of
the far echo channel. The outputs of canceller 302 are

40

45

50

55

multiplied by e/©¢ in complex modulator 303, where

w./2H 1s the carrier frequency of the transmitted signal.
The outputs of modulator 303 are then multiplied by
efq’(f) in carrier phase compensation circuit 304, where

~ @(t) is again an estimate of ®(t), and is obtained by using

a phase-lock loop (PLL). The resulting complex signal
1s an estimate of the complex signal obtained by passing
the far echo si(t) on line 351 through in-phase and quad-
rature filters 308. These two complex signals are sub-
tracted from each other in subtractor 305. The resulting
complex error is used to update the PLL in carrier-
phase compensation circuit 304. After rotation in error

60

- Yet another type of echo cancellation arrangement
can be obtained by rewriting equation (7) in the follow-
Ing way:

Zi(1) = E: Apel@cT Gt — nT)efoct—uDefb(n), (10)

Ziy(t) = Z A,R(1 — nDe®n, (11)
"

wiere

'Air - Arﬁfmm?i (12a)

and

R(f) — G(I)G’imﬂ, (12b)

and R(t) now represents the complex impulse response
of a passband filter. The expression in (11) suggests the -
‘echo cancellation structure shown in FIG. 2. The com-
~-plex symbols A, output from symbol generator 200 in

response to input data on line 250 are first rotated in
symbol rotation circuit 201 by multiplying them by

tively as proposed by J. J. Werner in U. S Pat No.

- 4,015,222, 1ssued Mar. 29, 1977 The rotated symbols are

round-trip delay of the far echo through the carrier

system 104 in FIG. 1. The length of delay line 203 is set

at start up. The outputs of buik delay line 203 are passed
through a passband echo canceller 204 with comp]ex
impulse response R(t) which is an estimate of R(t) In
(11). The outputs of this canceller are then multiplied by
e/P()in carrier phase and frequency offset compensation
circuit 210, where <1)(t) is an estimate of ®(t). A replica
of the complex signal Zi(t) in (11) 1s now available at
the inputs of subtractors 220 and 221. The purpose of
the subcanceller selector switch 206 will be discussed
later. The complex error derived at the outputs of sub-

tractors 220 and 221 is used to update the PLL of the

carrier phase compensation circuit 210. After rotation
In error rotator 212 it is also used to update the tap
coefficients of passband echo canceller 204. Finally,
either the real or imaginary part of the compiex error,
or both, are sent to the modem’s receiver via lines 251

and 2352 for further processing.

The present invention can be used with all three echo
cancellation arrangements described previously. The
motivation for its use will be discussed with reference to
the arrangement shown in FIG. 2. For simplicity of
notation, the discussion will assume analog rather than
digital samples. However, actual implementations uti-
lize digital signal processing.

Echo canceller 204 of FIG. 2 implements, in an
adaptive fashion, an approximation R(t) of the far echo
channel’s complex passband response R(t) in equation

- (12b). That 1s, 1ts output should approximate the quan-

635

tity

Fi(t) = 2 ApR(t — nT). (13)
n
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From equation (12b), it can be shown that R(t) is an
analytic signal. Therefore it can be written as

R(=KN+AD. (14)

where 1(t) is the Hilbert transform of r(t). Defining
A, =a, +]b,’, the expression in equation (13) can be
rewritten as

Fi() = 2 a;fr(f —n) — X b;;Rf — n + (15)
H

H

jZ a(t — nTy + 2 bt — nT.
n n

Using the relation r(t)= —r(t) it is readily shown that
the complex signal in equation (15) 1s also an analytic
signal. The expression in equation (15) suggests an echo
canceller structure consisting of two adaptive filters
whose 1mpulse responses are made to converge to the
impulse responses r(t) and r(t). The output of each filter
1S computed twice, once with the symbols a,;" as inputs
and once with the symbols b,,’ as inputs. Proper subtrac-
tion and addition of the four possible outputs should
then yield a good replica of the complex 51gnal In equa-
tion (15). |

An echo canceller structure which uses two adaptive
filters whose outputs are computed twice, with two
.-.difference sets of inputs, is called a cross-coupled struc-
~ture. Such a structure is depicted in circuit 400 of FIG.
4, where a digital implementation is assumed. The two

- filters 401 and 402 each receive the same two sets of

‘inputs a," and b,’. Their outputs are computed twice
and combined in the proper fashion in adders 403 and
‘404 to provide the echo canceller’s complex output. In
FIG. 4, the structure of circuit 400 is used several times

“1n parallel, as illustrated by circuit 405. The need for
- doing so 1s explained later.

Cross-coupled structures of the type described in.

-~ F1G. 4 were proposed in the Guidoux and Weinstein
- references. However, 1 have found experimentally that
«:practical implementations of such cross-coupied struc-
tures do not provide a sufficient amount of echo cancel-
lation. The reason for this can be understood from the
following discussion, which assumes, for the purpose of
explanation, that the echo channel does not introduce
carrier-phase distortion, (i.e., ®(t) in equation (11) is
taken to be zero) so that the far echo is simply repre-
-sented by the real part of Fi(t) in equation (15). Ideally,
the outputs of the in-phase filter 218 and quadrature
- filter 219 in FIG. 2 should be a Hilbert pair and provide
the analytic signal given in equation (15). In practice, it
1s not possible to implement perfect in-phase and quad-
rature filters. As a result, the complex signal available
after the filters will not be the analytic signal given in

equation (15). Rather, it will be a complex signal Z(t)
-which can be expressed as

Zyty = Za,r(t — nT) — T bt — nT) + (16)
n 7 | |
JEaurt — nT) + =2 b,ra(t — nT),
n n |

where ri(t) and r4(t), as well as ry(t) and r3(t) are not
exactly equal, and where ry(t) and ri(t) are not exactly
the Hilbert transforms of ri(t) and r4(t). An echo cancel-
ler using a cross-coupled structure tries to synthesize an
analytic signal of the type give in equation (15), which
can be generated by using only two sets of filters. Thus,
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it will not be able to make an exact replica of the signal

give m equation (16) which requires the use of four
different filters. In other words, a cross-coupled struc-
ture cannot compensate for the imperfections intro-
duced by non-ideal, practically implemented in-phase
and quadrature filters. |

An echo canceller structure which can compensate
for these imperfections i1s shown in circuit 510 of FIG.
5. It consists of four sets of adaptive filters 511, 512, 513
and 514, which are adapted independently. After con-
vergence, the impulse responses of these filters will
have converged to the impulse responses ri(t), ra(t),
r3(t) and r4(t) in equation (16). The need for replicating
circuit 510 will be discussed later.

The advantage of the new echo canceller structure of
F1G. 5 compared to the cross-coupled structure of FIG.
4 15 best appreciated with reference to FIG. 7, which
shows two sets of traces obtained on a spectrum analy-
zer. In both sets, the upper trace 701 is the same and
represents the power spectrum of the uncancelled echo
at the input of subtractor 220 (or 221) in FIG. 2. The
lower traces 702 and 703 represent the power of the
residual echo after cancellation 1s performed, when
either the cross-coupled structure of FIG. 4 or the new
structure of FIG. 5 were used for echo canceller 204,
respectively. The same in-phase and quadrature filters
218 and 219 were used in each case, and the two echo
canceliers had the same memory span. Notice that the

structure of FIG. § achieves a much larger amount of
cancellation than the cross-coupled structure of FIG. 4.
The measured difference in the amount of echo cancel-

lation achieved was over 20 dB.

The digital implementation of the echo cancellation
arrangement shown 1in FIG. 2 1s now discussed. In the
following discussion, the echo canceller arrangement of
the present invention, as shown in FIG. 5, is used to
implement the functions of echo canceller 204 of FIG.
2. The stream of data (0’s or 1°’s) to be transmitted is first
passed through symbol generator 200, which partitions
the bit stream into blocks which are then mapped into
symbols A, with real (a;) and imaginary (b,) parts.
These symbols are rotated in rotation circuit 201 at the

rate 1/T at which symbols are generated and fed to

digital in-phase and quadrature passband filters 202 and
222. The rotated symbols are also used as inputs to
bulk-delay line 203 whose purpose was explained ear-
her. As an example, if the data rate is 4800 bps and the
symbol rate 1s 2400 bauds, then symbol generator 200

segments the data stream into blocks of two bits (dibits).

Each bit of a dibit 1s mapped into values =1 to provide -
the real and imaginary values of a, and b,. These sym-

- bols are then rotated in circuit 201 according to equa-

25
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tion (12). For example, if the carrier frequency is 1800
Hz, then the rotated complex symbol A,’ is equal to
An(—))", where A,=a,+jb, is the non-rotated com-
plex symbol generated by circuit 200.

The outputs of filters 202 and 222 are generated at a
sampling rate which is usually larger than the symbol
rate 1/T. The sum of the filters’ outputs formed in adder
circuit 260 is fed to digital-to-analog (ID/A) converter
213 whose output is passed through interpolating low-

‘pass filter 214 and then hybrid 215. On the receiving

side of hybrid 215, the incoming or received signal is
first passed through an antialiasing bandpass filter 216
and then an analog-to-digital (A/D) converter 217. In
order to achieve Nyquist cancellation, the sampling rate
of converter 217 has to be at least twice the highest
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frequency of the incoming Signal, which 1s about 3 kHz

for voiceband data communications. The advantages of

Nyqguist cancellation are discussed in the above men-
tioned Weinstein references. In practice, it i1s often ad-
vantageous to use the same sampling rate 1/T' for A/D
converter 217 and the transmitting filters 202 and 222,
although this is not necessary. The sampled values from
A/D 217 are used as mputs to in-phase and quadrature
filters 218 and 219. The outputs of these filters represent
a complex signal from which is subtracted a complex
replica of the far echo in subtractors 220 and 221.

In the following it will be assumed that the ratio T/T’
between the sampling rate 1/T" and the symbol rate 1/T
1S equal to an integer M. Thus, A/D converter 217
generates M sampled values of signal sy(t) in each sym-
bol period T. The sampling times can then be written as
nT+mT’, and the sampled values of si(t) becomes
si(nT+mT"), or, more concisely si.m), where m=1, 2,
.. . M, and n is the n* symbol period. With these con-
ventions the complex output of in-phase and quadrature
filters 218 and 219 is written as Zy(,, ;) and the complex
echo replica at the output of circuit 210 1s written as
Zc(n,m} '

The delayed and rotated symbols a,” and b, at the

output of bulk delay line 203 are used as inputs to pass-

band echo canceller 204, which, in accordance with the
- present invention consists of a parallel arrangement of
M “subcancellers”, 510, 517 shown in FIG. 5. Each
subcanceller receives the same inputs a,” and b,’, and
consists of four different paralle]l adaptive filters. As an
example, subcanceller 511 consists of filters 511, 512,
513 and 514. The outputs of filters S11 and 513 are
subtracted in subtractor 315 and the outputs of filters
512 and S14 are added in adder 516. A similar filter
arrangement 1s used for subcanceller 517 and the other
subcancellers, not shown in FIG. 5. In the n?’ symbol
period, each subcanceller generates a complex output
Unm, where m=1, 2, ... M designates the m?” subcan-
celler.

The subcanceller selector 206 in FIG. 2 selects, in a
-cyclic fashion, the outputs of the subcancellers shown in
FIG. §. These outputs are selected at the sampling rate
1/T". Since there are M subcancellers and since the ratio
between the symbol period T and the sampling period
T" 18 also M, each subcanceller will provide one output
to selector 206 in each symbol period. Thus, for exam-
ple, the first subcanceller 510 in FIG. § will provide an
input to selector 206 in the first sampling period T' of a
given symbol period T, and the M subcanceller 517
will provide an input to the selector in the M/ (last)
sampling period of the same symbol period.

In a first echo cancellation arrangement using the
present invention, the outputs U, ,, of selector 206 are
the inputs of the carrier phase and frequency offset
- compensatio circuit 210. The operations performed by
this compensation circuit yield the complex output
Zcn,m) defined by the following equation

Zc(n,m}= Un,meﬂp”’mr | (17)
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stractors 220 and 221. The result of the subtraction is a
complex error E, ,,; given by

L= Crtorn ‘i‘jﬁ:’:.m = Zl{n.m} — Zr{rf.m} (18)
which 1s used to update the phase of the PLL in the
phase compensation circuit 210. After rotation in an
error rotation circuit 212, the error 1s also used to up-
date the tap coefficients of the passband echo canceller
204. Complex error rotation 1s performed in circuit 212
In a manner similar to that used in circuit 201; the result
1s a rotated error E,, ») given by:

Er{n.m} = En.mi’ —fbn.m (19)

where &, ,, is the carrier-phase estimate.

Before describing the updating algorithms used for
canceller 204, 1t is necessary to specify the type of im-
plementation used for the adaptive filters shown in FIG.
S. Transversal filters are preferred, although other types
of filters could be used as well. The transversal filter
implementation of one of the filters in FIG. 5, filter 511
In this case, 1s shown in FIG. 6. It consists of a tapped
dealy line including a series of delay elements 601 each
providing a dely spacing of interval T. In the case of
filker 511 (and filter 512), the delayed elements in the

delay hine are the symbols a,,’. (In filters 513 and 514, the
entries of the delay line are the symbols b,,".) Individual

multipliers 609 shown in FIG. 6 multiply the delayed
symbols with the adaptive tap coefficients stored in
memory elements 604. However, 1n a practical imple-
mentation, several or all of the tap coefficients will
generally time share the same multiplier. The outputs of
multipliers 609 are summed 1n adder 605, and the result-
Ing sum, available on lead 613, 1s used as the input to
adder 515 in FIG. 5.

In FIG. §, the outputs of filters 512, 513 and 514 are
computed 1n the same fashion as that used in filter 511.
Once the outputs of adders 515 and 516 are available,
they are used as inputs to subcanceller selector 206 of
FIG. 2. Assuming that selector 206 1s, at a particular
time, configured so that subcanceller 510 has been se-
lected, it will be observed that after carrier-phase com-
pensation In circuit 209 and error computation in sub-
tractors 220 and 221, the signals needed for updating the
tap coefficients are available at the output of error rota-

~ tion circuit 212. The correction terms used to form the

50

33

60

where @y, 1s an estimate of the carrier-phase variations

and frequency offset. This estimate is provided by a
phase-lock loop (PLL) whose updating algorithm is
described below.

The complex output Z.» m) of the compensation cir-
cuit 210 is subtracted from the complex output Zy(,,m) of
the in-phase and quadrature filters 218 and 219, in sub-

65

tap updates for the m? subcanceller are obtained by
using the so-called “least-mean-square” (LMS) algo-

rithm. This algorithm minimizes the mean-squared error
(MSE) <E, %>, where

<Enm?>=<enm*>+ <&nm>> (20)
in FIG. 2, and where <.> denotes expectation. In
practice this algorithm 1s usually approximated by mini-
mizing the squared error

Epnm® =enm>+enm?, 1)
and using a stochastic-gradient algorithm. The relevant
equations for the updating algorithm are obtained by
first forming the gradient (partial derivative) of equa-
tion (21) with respect to the value of a tap coefficient,
say c] yin FIG. 6. For ¢y p, this gradient is found to be
equal to —Xp,1a,— N, Where X, 118 the real part of Exy.1)
in FIG. 2. The gradient is then multiplied by a scaling
factor £, and the result is used to update the value of



4,682,358

11 12

c1,n in the opposite direction of the gradient. That is, a _continued
correction term + Bx, 1an— N 18 added to ¢y n. Thus, the - (24)
new value ¢ pM(n+1) 1n symbol period (n+41)T of ¢y n e o) b d, o(m)
15 related to .the old value c| n(n) in symbol period nT 5 e i) = c:,,.l(:u) and dy, A1) = dj,h.('u)
by the-equation _ :

' Chu M) | i, p)

fl,N_(”‘I' D=c1. MM+ By 1an— N- (22) -

One possible circuit useful in implementing equation 10 *;fher]*e 1=.1’2 afnd m=1.2, .. il’M' Igu?tratlyjly, Lhe
(22) is shown in FIG. 6. The rotated error (x,.) re- + 1 entries ot vector a, are the symbols resident be-

. . L . - tween delay elements 601 within each filter, at symbol
cem?d on l_me 611.fr9m- one output of circuit 212 1s first period nT. Similarly, the N+ 1 entries of vector ¢ 1(n)
multiplied in multiplier 609 by a scaling factor § stored  ,re the values of the tap coefficients stored in tap gain
In a step-size control memory 612. The value of 8 may control circuits 604 at symbol period nT. With these
assume different values at start up and in steady-state 15 potations the complex output of the m* subcanceller in
operation of the echo canceller. However, it is gener- the n# symbol period is given by
ally the same at any given instant of time for all of the
filters and all of the subcancellers. Referring in particu- Unin = Uiy + Jtly = @0+ com1(17) — (25)
lar to the tap-gain control circuit 604 which provides T T T
updating for tap ci yin FIG. 6 it is seen that multiplier # 2 1) + gy - em2(n) + &y - dm2(m),
606 forms the product of the scaled error Bx,;and the here the superscript T denotes a transposed vector
symbol a,—n'. This symbol was previously multiplied  (row vector in this case), and the dots . denote the dot
with tap coefficient ¢,y when the output of the filter  product of two vectors. Illustratively, consider the case
was computed. A new value of tap coefficient ¢y is 2° where m=1 in FIG. 5. The output of filter 511 is ob-
obtained by adding Bxu,1an—n' to its previous value in  tained by computing the dot product a,'7-cy,1(n) which,

.adder 607. This new value then replaces the old value at from equations (23) and (24), can be expressed as

th»:f: output of adder 607. In th.e next symbol prI‘lOd T, o Tey s (m)=aer. ol () +ay oL 1 Hm 4 . ..

-+ this new value of tap coefficient c; n stored in relay 30 1T Al Nn). (26)
- element 608, will again be updated.

In many current implementations, the preceding se- Similarly, the outputs of filters 512, 513 and 514 are
quence of operations performed by tap gain control obtaimned by computing the dot _PTOdUCtS an' I°¢y,2(n),
circuit 604 are executed in a somewhat different way, by'?-d1,1(n) and bs'7-d1,2(n), repectively. The outp'uts of
‘using a digital signal processor including an arithmetic 35 Subtractor 515 and adder 516 are the real (up,»’) and

- unit, a read only memory (ROM) for instruction stor- mmagiary (un,m") parts of Equation (25), respectively,
" age, and a random access memory (RAM). The value of where‘m is equal to one. : -
e | ) ' Notice that the real and imaginary parts of the m*
.1ap c_oefﬁment CLN IS f_-‘rSt fetched from a storage loca-  gypcanceller’s complex output U, »» in Equation (25) are
.. tion in the RAM, which serves as a coefficient store. 40 computed by using two different sets of tap coefficients:
‘This value 1s then added to the product Bx, 14, AbY the Cm,1(n) and dp,1(n) for the real part u,n', and ¢ 2(n)
“arithmetic unit, which is time shared amongst all the tap and d,2(n) for the imaginary part u,,,". By the way of
coefficients. The result of the addition is then stored comparison, in the case of the structure in FIG. 4 the
back in the same RAM storage location. The details of ~ same set of coefficients, ¢» and dpm, is used to compute
one computer based echo canceller arrangement are 45 both the real and imaginary parts of the qomglex ou_tpltf
shown in U.S. Pat. No. 4,464,545 issued to applicant on of the m*" subcanceller. As a result there is a coupling
Aug. 7, 1984, which is incorporated herein by refer- !Jetween these two outputs, and they cannot e?"’“fe
ence. Other computer architectures well suited for echo independently of each other. No such coupling exists in
" _ : _ ) the case of the structure of FIG. 5 where u, ' and v, "
canceller implementations are described in the book, s0 can assume values which are completely independent of
“Bit-Slice Design: Controllers and ALUs,” Garland ~ each other. Thus, this structure is capable of synthesiz-
STPM Press, by D. E. White. _ ing a larger variety of complex outputs than the struc-

Before discussing the equations giving the outputs ture in FIG. 4, and therefore it will generally provide a
and the updating algorithms of the four filters, the fol- superior performance. The stochastic-gradient algo-
lowing definitions are needed. The quantities a,' and b," 55 rithms for updgting the tap coefficients of the m* sub-
designate column vectors of the real and imaginary  canceller are given by
symbols a," and by, Similarly, cm,1(n), cm2(n), dpm,1(n) em 1+ 1) =Cm 100 +2Bay xn.mm @7
and d;;2(n) designate column vectors representing the — — -~
tap coefficients of the four filters used in subcanceller 60 em2(n+1)=cm2m +2Bay yn.m (28)
m. Formally: | T

.__‘dm. 1(n4 1)=_‘i.rn. 1(n)— zﬁﬁp’xn.m (29)
ﬂ;; b:,, (23) _d m,2{n+ 1)"—“,3;::,2(” )+ 2B_Izn,yn.m (30)
4, = “n—1 b, = bf’ -y 65 where X,» and yp, are the real and imaginary parts of
) b'; the rotated error Ennm) and are generated by error
n—N n—N

rotation circuit 212 in FIG. 2 according to the equation
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Ernon=Xum+Vman=Com~+JCumh _fﬁ”*”ﬂ (31)

and thus

~ - (= . L 'y
Xp.m=—Cp.m COS q’n.m'l'f-‘u.m SN q’u.m and (32)

Yoan= —Cpy g SN &’n,m +Ef.m COs a’n.m- (33)
The guantity &)”_,n in equations (32) and (33) 1s the car-
rier phase estimate at time nT+mT". It is also adapted
according to a stochastic-gradient algorithm which is
given by |

&)n +1l.n= E)n.m - Za[f-’n.mzr(n,m}” — L?:I'JHZE'(H.HI}'L (34)
where « 1s a scaling factor and zq(.m) and zqu,m)’ are
the real and 1maginary parts of Zgu,m), the output of
compensation circuit 210 in FIG. 2, respectively. That
1S;

Z(‘(r:.rn) =z(‘{n.m]' ‘*"jzd n.m)“- (33)
Equation (34) describes a so-called first-order phase-
lock loop (PLL). A more powerful, or second-order
PLL is obtained in the following fashion. First, let
Ad, ,, be the non-scaled correction factor for the phase
@, » In equation (34), that is:

ﬁ&’n.m =€ n,rnzr(n_m}” —Cp.mief n.m‘}r- (36)

A second-order PLL is then obtained by implementing
the following eguation: |

- (37)

- A ' | H ~
¢’n+l,m = q’n,m - 2‘15‘1’”.:?1 — 2y 1'-2- ﬁq)f.m-

0

The third term on the right of equation (37) is a scaled
version of a running sum of successive phase correction
terms. It can be shown that, in the absence of noise 1n
the phase adjustment algorithm, this quantity can per-
fectly compensate for the presence of frequency offset
in the far echo. Implementation of the first-order PLL
~ in equation (34) will only allow for a partial compensa-
tion of the frequency offset in the far echo. If a small
degradation in performance is permissible, then equa-
tion (37) need not be computed for each subcanceller,
and phase updates can be performed once per symbol
period by using only one subcanceller. This results in a
simplification of implementation of the PLL.

A detailed block diagram of the carrier-phase com-
pensation circuit 210 1in FIG. 2 is shown in FIG. 9. The
phase increment A®, , given in equation (36) is ob-
tained by first multiplying the real part of E,; , with the
imaginary part of Z.(n,m)in multiplier 900 and the imagi-
nary part of E, ,, with the real and part of Z., ;) in
- multiphier 901, and then subtracting the results in sub-
tractor 902. In many practical applications the multipli-
cations performed by circuits 900 and 901, as well as the
other multiplications discussed later, would be time-
shared on one single multiplier.

The first-order correction term for updating the car-
rier-phase estimate (second term on the right in equa-
tion (37)), 1s obtained by multiplying the phase incre-
ment A®,,, by 2a in circuit 904. The second-order
correction term (third term on the right in equation
(37)) 1s implemented with multiplier 903, subtractor 905
and symbol-delay element 906. The first and second-
order correction terms are subtracted from each other
in subtractor 907, and the result is added, in adder 908,
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to the present etimate &),,,m of the carrier phase. The
output of adder 908 is a new estimate ﬂ),,“,m of the
carrier phase that will be used in the next symbol period
after betng delayed in delay element 909.

The carrier-phase estimate ®,,,, in equation (37) is
used as the argument of cosine and sine generators in
circuits 910 and 911, respectively. These generators can
be implemented by using a ROM look-up technique or
by computing power expansions of the sine and cosine
functions. The resulting quantities, sin ®,,, and cos
ti),,,,n, are used twice. First, they are used to rotate the

complex output U, ,, of subcanceller selector 206, in

FIG. 2, to provide the echo replica Z., ). The rotation
is done in circuit 912 which implements the arithmetic
operations given in equation (17). Expanding equation
(17), one gets:

'; ' . 3 -
Z('{rr.m)=Un.med W =ypy m COS q’n.m;‘”n.ru S

(5”_,” +j[”:1,m Sin (Bn.m+ ”n,m” COS8 q’n.m]v (38)

where u,,, and u,,,"” are the real and imaginary parts
of U, m, respectively, that is:

Junm' (39)

: ¢
Un.m =Un.m

The quantities sin &, ,, and cos &, ,, are also inputs to
error rotator 212, in FIG. 2, which provides the errors
for the tap updates of passband echo canceller 204. The
error rotation 1s done 1n accordance with equation (19)
which can be expanded in a manner similar to equation
(38).

FIG. 8 shows a second echo cancellation arrange-
ment using the present invention, in which a numbering
scheme similar to that of FIG. 2 i1s used. In FIG. 8,
elements which perform functions similar to those of
elements in FIG. 2 have a designation of 8xx rather than
2xx. In FI1G. 8, carrier-phase and frequency-offset com-
pensation circuit 810 is now located after the output of
in-phase and quadrature filters 818 and 819 rather than
after the echo canceller’s output. The output Z3(n,m) of
this circuit 1s obtained from its input Zj¢, ) by imple-
menting the following equation:

ZS{n.m)=ZZ(n.m)f—’"j¢ ., (40)
where &, , is an estimate of the carrier-phase variation
and frequency offset. The arrangement in FIG. 8 re-
moves the carrier-phase variation and frequency offet
from the incoming signal before echo cancellation is
performed. As a result there i1s no need to rotate the
complex error E,, ,, before updating the echo canceller’s
tap coefficients, as was done by circuit 212 in FIG. 2.
The relevant tap-update algorithms now become:

1 (n+1)= 1)+ 2Banen,m’ 41)

4

- em2n+ D =cm,2(n) + 2Bantn,m (42)
Em,l("+ 1)=§m.1(”)—28_{?n€n,m’ (43)
dm2(n+ 1) =dm 20+ 2Bbnen,m (44)

where e, m and €, are the in-phase and quadrature
errors, respectively.

The estimate &, ,, of the carrier variation and fre-
quency offset is now updated according to the equation
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n - | - i a (45)
Pyytn = Py — 2080, — 2v *}:0 AD;
} =
where
. #
| ﬁq’u.m-:i’n.sz{n.n:] "—E}';,nr-"-'.?(u.m] : (46)

In equation (46) z3,m) and z3im)’’ represent the real
and imaginary parts of Z3(,. ), that is

| | Z~1{rr.r1r)=z3{1r.rrr}' ‘|‘jz3[n.m}”-_ - (47)
The block diagram for carrier-phase compensation cir-
cuit 810 1s the same as the one shown in FIG. 9 except
for the following modifications: Uy, 18 replaced by
Z, m); Zn.m) 1s replaced by Zigm); e/Pnm in circuit
912 is replaced by e—i®mm,

~ Various modifications and adaptations of the present
invention will be apparent to those skilled in the art. For
this reason, it is intended that the present invention be
limited only by the appended claims. For example, it is
to be understood that the use of subcancellers such as
shown in FIGS. 4 and 5 are not mandatory and that a
- single echo replica can be computed in each symbol
interval. A data set which incorporates such an arrange-
~ment 1s shown in FIG. 7 of the paper entitled “A New

... Digital Echo Canceller for Two-Wire Full-Duplex

- Data Transmission,” IEEE Trans. on Communlcatlons

o SEptember 1976, by K. H. Mueller.

It is also to be clearly understood that camer-phase

y '_and frequency-offset compensation circuits 210 and 810

in FIGS. 2 and 8, respectively, need not be incorporated
In a data set otherwise arranged in accordance with the
instant invention if there is no need to compensate for
carrier phase variations and frequency offset. Such

' might be the case, for example, in data sets intended for
use only on the U.S. network. In this event, error rota-
__.tion circuit 212 would also be unnecessary.

' An alternative arrangement may also be considered
~_in which symbol rotation circuit 201 and 801 of FIGS.
~ 2 and 8, respectively and in-phase and quadrature phase

~ filters 202 and 222 of FIG. 2 and 802 and 822 of FIG. 8

- are replaced by lowpass filters and sine and cosine mod-

ulators to yield the more conventional QAM modula-
tion structure as shown, for example, in FIG. 1 of the
-paper entitled “On the Selection of a Two-Dimensional
Signal Constellation in the Presence of Phase Jitter and
~Gaussian Noise,” Bell System Technical Journal,

 July-August, 1973, by G. J. Foschini et al. In this event,

- the symbol rotation circunit would nevertheless be used
~at the mput or output of bulk delay line 203 or 803, as

o appmplate

What 1s claimed is:

1. Apparatus for forming a complex cancellation

- _s:gnal representative of the echo generated when a
modulated data signal is applied to a communication
‘channel, said modulated data signal havmg in-phase and
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quadrature phase components formed in response to a -

sequence of complex symbols, said apparatus compris-
ing |

(1) means for formmg in-phase and quadrature phase
- components of a signal received from said commu-
~ nication channel, said received signal including an

- echo component, and | -
- (2) means for forthing a current estimate of said com-
~ponents of said received signal as a function of the

~sum of the weighted product of (a) the values of

current and past ones of said symbols in said se-

60

65
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quence, and (b) a plurality of adaptively updated
tap coefficients,

wherein said current estimate forming means includes

(3) at least four transversal filters each arranged to

have a transfer characteristic which adapts inde-
pendently of the others, a first pair of said transver-
sal filters responsive to the real part of the current
and past symbol values in response to which said
in-phase component of said modulated data signal
was formed and a second pair of said transversal
filters responsive to the imaginary part of the cur-
rent and past symbol values in response to which
said quadrature phase component of said modu-
lated data signal was formed, and

(4) means for algebraically combmmg the outputs of

~ the filters from each of said pairs to form compo-
nents of said complex cancellation signal which
form independently of each other.

2. Echo cancellation apparatus for use in conjunction
with circuitry which transmits a passband signal repre-
senting complex data symbols each having a first com-
ponent and a second component and which receives a
signal which includes an echo of said transmitted signal,
said apparatus comprlsmg

means for forming in-phase and quadrature phase

versions of said received signal,

first, second, third and fourth real filters,

means for applying the first component of said data

symbols to said first and second filters, and the
second component of said data symbols to said

third and fourth filters, respectively,

means for combining the outputs of said first and
third filters with said in-phase version of said re-
ceived signal to form the in-phase component of an
echo compensated signal,

means for combining the outputs of said second and
fourth filters with said quadrature phase version of
said received signal to form the quadrature phase
component of said echo compensated signal, and

means for updating the transfer characteristics of

-~ each of said first through fourth filters indepen-
dently of one another in response to said echo
compensated signal in such a way that, over time,
energy in said echo compensated signal derived

- from said echo is minimized.

3. Apparatus comprising

means for transmitting a signal s(t) of the form

s(1) = Re [E {(an + jbn)g(t — n?')ef‘“f’]
n

where a, and b, are real numbers respectively rep-
resenting real and imaginary data symbol compo-
nents, g(t) is a real impulse response function, T is
a predetermined symbol interval, n is an index
which advances at a rate of 1/T, and w. is a se-
lected radian carrier frequency,

means for receiving a signal which includes an echo
of said transmitted signal,

means for forming at least a first echo replica sample
during each of a succession of T second intervals,
each echo replica sample being formed by forming
a weighted sum of current and previous ones of

said real and imaginary data symbol components,
and
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means for combining each of the echo replica samples
with a respective sample of the received signal to
form a plurality of echo compensated sampies,
wherein said replica forming means includes means

- for computing real and imaginary components of 5

said echo replica such that said real and imaginary
components of said echo replica form indepen-
dently of each other.
4. Apparatus combining |
means for transmitting a passband signal representing
data symbols, said signal having a first in-phase

component and a second quadrature phase compo-

nent,
means for receiving a signal which includes an echo
of the transmitted signal,

a plurahty of subcancellers, each subcanceller includ-
Ing at least first, second, third and fourth filters,
means for applying delayed versions of said first com-

ponent to said first and second filters, and delayed
versions of said second component to said third and
fourth filters, respectively,
means for combining the outputs of said filters with
said recetved signal to form an echo compensated
signal, and
means for updating the transfer characteristics of
each of said filters independently of one another in
response to said echo compensated signal in such a
way that, over time, energy in said echo compen-
sated signal derived from said echo-is mimmized.
5. Echo cancellation apparatus for use in conjunction
~with circuitry adapted to transmit a double sideband-
quadrature carrier signal representing a stream of com-
plex data symbols occurring at a rate of 1/T, said cir-
cuitry being further adapted to receive a signal which
includes an echo of said transmitted signal, said echo
cancellation apparatus comprising
means for forming at least a first echo replica sample
during each of a succession of T second intervals,
satd echo replica sample having independently
developed real and imaginary components,
the real component of each echo replica sample being
formed by forming during each of said T second
intervals, in response to signals equal to the real
and imaginary components of said complex data
symbols, 2 weighted sum of said real and imaginary
components of said complex data symbols, the
weighted sum formed during any particular one of
said T second intervals being a function of the
products of each of said real and imaginary compo-
nents of said complex data symbols with a respec-
tive coefficient of a first plurality of coefficients,
the imagtnary component of each echo replica sample
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being formed by forming during each of said T

second intervals, in response to signals equal to the
real and 1maginary components of said complex
data symbols, a weighted sum of said real and
imaginary components of said complex data sym-
bols, the weighted sum formed during any particu-
lar one of said T second intervals being a function
of the products of each of said real and imaginary
components of said complex data symbols with a
respective coefficient of a second plurality of coef-
ficients,
means for comblmng each of the echo replica samples
- with a respective sample of said received signal to
form a plurality of echo compensated samples, and
means for determining the values of said coefficients
In response to a least ones of said echo compen-
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sated samples and at least ones of said complex data
symbols. |
6. Echo cancellation apparatus for use in conjunction
with circuitry which transmits a passband signal repre-
senting data symbols each having a first component and

a second component and which receives a signal which
includes an echo of said transmitted signal, said appara-
tus comprising :

means for separating said received signal into in-
phase and quadrature phase components,

a plurality of subcancellers each including means for
forming first and second weighted products of said
first component and first and second coefficient
pluralities, respectively, and third and fourth
weighted products of said second component and
third and fourth coefficient pluralities, respec-
tively, each of said first, second, third and fourth
coefficient pluralities being formed independently
of one another,

means for combining said first and third weighted
products to form an in-phase component of an echo
replica,

means for combining said second and fourth
welighted products to form a quadrature phase
component of said echo replica,

means for combining said in-phase and quadrature
phase components with said received signal to
form an echo compensated signal, and

means for updating said coefficient pluralities in re-
sponse to said echo compensated signal.

7. An echo cancellation technique for use in conjunc-

tion with circuitry adapted to transmit a double side-

“band-quadrature carrier signal representing a stream of

complex data symbols occurring at a rate of 1/T, said
circuitry being further adapted to receive a signal
which includes an echo of said transmitted signal, said
echo cancellation technique comprising the steps of:
forming at least a first echo replica sample during
each of a succession of T second intervals, said
echo replica sample having independently devel-
oped real and imaginary components,
wherein said forming step includes (a) forming the
real component of each echo replica sample, in
response to signals equal to the real and imaginary
components of said complex data symbols, as a
weighted sum of said real and imaginary compo-
nents of said complex data symbols, the weighted
sum formed during any particular one of said T
second intervals being a function of the products of
each of said real and imaginary components of said
complex data symbols with a respective coefficient
of a first plurality of coefficients, and (b) forming
the imaginary component of each echo replica sam-
ple, in response to signals equal to the real and
imaginary components of said complex data sym-
bols, as a weighted sum of said real and imaginary
components of said complex data sumbols, the
weighted sum formed during any particular one of
said T second intervals being a function of the
products of each of said real and imaginary compo-

nents of said complex data symbols with a respec-

tive coefficient of a second plurality of coefficients,
combining each of the echo replica samples with a
respective sample of said received signal to forma
- plurality of echo compensated samples, and
determining the values of said coefficients in response
to at least ones of said echo compensated samples
and at least ones of said complex data symbols.
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8. Echo cancellation apparatus for use in conjunction

with circuitry adapted to transmit a signal s(t) of the
form

s() = Re |:2 (ay + jby)e(t — n T)e/ec! :I
n

where a, and b, are real numbers respectively represent-
ing real and imaginary data symbol components, g(t) is
a real impulse response, T 1s a predetermined symbol
interval, n is an index which advances at a rate of 1/T,
and w. 1s a selected radian carrier frequency, said cir-
cuitry being further adapted to receive a complex signal
which includes an echo of the transmitted signal, said
echo cancellation apparatus comprising
means for forming a plurality of complex echo replica
samples during each of a succession of T second
intervals, and
means for combining each of the echo replica samples
with a respective sample of said received signal to
form a plurality of echo compensated samples,
wherein said means for forming includes a plurality of
subcancellers each including | |
(1) at least first, second, third, and fourth adaptive
filters, each of said adaptive filters being ar-
ranged to adapt independently of one another,
said first and second filters responsive only to
sald real data symbol components and said third
~and fourth filters responsive only to said imagi-
nary data symbol components, and
(2) means for algebraically combining the outputs
of said first and third filters to form the real part
of said echo replica samples and for algebraically
combining the outputs of said second and fourth
filters to form the imaginary part of said echo
replica samples, o '
whereby said real and imaginary parts of said echo
replica samples are independently formed notwith-
“standing an interdependence between the real and
imaginary parts of said received signal.
9. A method for cancelling the echo component con-
tained 1n a received signal as a result of transmitting on

an echo-inducing transmission medium a signal s(t) of
the form

5() = Re I:z (an + jbu)elt — nTYeioc! ]
H

‘where a,and b, are real numbers respectively represent-
~ 1ng real and imaginary data symbol components, g(t) is
a real impulse response function, T is a predetermined
symbol interval, n is an index which advances at a rate
- of 1/T, and w, is a selected radian carrier frequency,
including the steps of:

forming at least a first echo replica sample during
each of a succession of T second intervals, each
echo replica sample being formed by forming a
weighted sum of current and previous real and
imaginary data symbol components, and

combining each of the echo replica samples with a
respective sample of said received signal to form a
plurality of echo compensated samples,

wherein said replica forming step includes the step of

- computing real an imaginary components of said

4,682,358

10

15

20

25

30

35

40

45

30

35

60

65

20

echo replica such that said components can evolve
independently of each other.

10. Echo cancellation apparatus for use in conjunc-
tion with circuitry which transmits a passband signal
representing first and second streams of data symbol
components and which receives a signal which includes
an echo of said transmitted signal, new components of
each symbol stream occurring at T second baud inter-
vals, said apparatus comprising

means for storing a plurality of tap coefficients,

means for forming M echo replica samples associated

- with each baud interval, M being a selected integer,

the m* of the M echo replica samples associated
with the ns baud interval being formed in accor-
dance with

’ - I
Un.n: = Uy m + Uy m

g, - em1(n) = b)) - dmt(n) + fa)] - emam) + 8,7+ dim2(m)]

where the superscript T denotes a transposed vec-
tor, the dots - denote the dot product of two vec-
tors, a, 1s a vector which represents a sequence of
the most recent data symbol components of said
first stream of data symbol components, by 1s a
second vector which represents a sequence of the
most recent data symbol components of said sec-
ond stream of data symbol components, cp,,1(n),
drm,1(n), Cm,2(n) and dp,,2(n) are vectors representing
the values of the tap coefficients stored in said
storing means, the vectors cp,1(n), dm,1(n), cm,2(n),
and d,;2(n) all being different from one another,
and

means for combining u,,,,’ and u,,’ ' with real and

imaginary components of a respective sample of
the received signal to form a complex echo com-
pensated signal sample.

11. A data set including means for transmitting a
passband signal representing first and second streams of
data symbol components,

means for receiving a signal which includes an echo

of the transmitted signal, the components of each

stream occurring at T second baud intervals,
means for forming M echo replica samples associated

with each baud interval, M being a selected integer,

the m’ of the M echo replica samples associated

with the n* baud interval being formed in accor-
~ dance with

r . I
Unm = Up m T JlUp m

= gl em1(n) — by - dma) + @, - cman) + b7+ dpma(m))

where the superscript T denotes a transposed vec-
tor, the dots - denote the dot product of two vec-
tors, a, 1S a vector representing a first series of data
in said first stream, b,' is a vector representing a
second series of data in said second stream, and
Em,l(n):r Em,Z(n)s _(_lm,l(n): El_M.?.(n) are vectors repre-
senting first to fourth pluralities of tap coefficients
used to generate said n?* echo replica sample, the
vectors Em.l(n): gm,l(n)s Em,2(n)s and Sl_m,Z(n) all
being different from one another, and

means for combining v, and u, "’ with real and
imaginary components of a respective sample of
said received signal to form an echo compensated
signal sample.
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12. An echo cancellation technique for use in con- where the superscript T denotes a transposed vec-
junction with circuitry which transmits a passband sig- tor, the dots - denote the dot product of two vec-
nal representing first and second streams of data symbol tors, a,’ 1s a vector which represents a sequence of
components and which receives a signal which includes the most recent data symbol components of said
an echo of said transmitted signal, new components of 5 first stream of data symbol components, b, 1s a
each symbol stream occurring at T second baud inter- second vector which represents a sequence of the
vals, said technique including the steps of: | most recent data symbol components of said sec-
storing a plurality of tap coefficient values, ond stream of data symbol components, ¢, 1(n),
forming M echo replica samples associated with each dm,1(n), C;n,2(n) and d,; 2(n) are vectors representing
baud interval, M being a selected integer, the m of 10 the values of the stored tap coefficients, the vectors
the M echo replica samples associated with the n## Crm,1(N), d;n,1(n), cm,2(n), and d;n,2(n) all being differ-
baud interval being formed in accordance with ent from one another, and

combining u,,," and u,,’ with real and imaginary
, . components of a respective sample of the received

Unm = u + J'”” . :
’ o o o 15 signal to form a complex echo compensated signal
a, - cm1(n) — by, -dmi(n) + jla, - cm2n) + b, « din2(m)] samplie. '
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